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Abstract 
 
Materials at nanoscale are finding manifold applications in the various fields like sensing, 
plasmonics, therapeutics, to mention a few. Large amount of development has taken place 
regarding synthesis and exploring the novel applications of the various types of nanomaterials 
like organic, inorganic and hybrid of both. Yet, it is believed that the full potential of different 
nanomaterials is yet to be fully established stimulating researchers to explore more in the field of 
nanotechnology. Building on the same premise, in the following studies we have developed the 
nanomaterials in the class of optically active nanoparticles. First part of the study we have 
successfully designed, synthesized, and characterized Ag-Fe3O4 nanocomposite substrate for 
potential applications in quantitative Surface Enhanced Raman Scattering (SERS) measurements. 
Quantitative SERS-based detection of dopamine was performed successfully. In subsequent 
study, facile, single-step synthesis of polyethyleneimine (PEI) coated lanthanide based NaYF4 
(Yb, Er) nanoparticles was developed and their application as potential photodynamic therapy 
agent was studied using excitations by light in near infra-red and visible region. In the following 
and last study, synthesis and characterization of the conjugated polymer nanoparticles was 
attempted successfully. Functionalization of the conjugated nanoparticles, which is a bottleneck 
for their potential applications, was successfully performed by encapsulating them in the silica 
nanoparticles, surface of which was then functionalized by amine group. Three types of optically 
active nanoparticles were developed for potential applications in sensing, therapeutics and 
imaging. 
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Chapter 1: Introduction 
 
I. Nanomaterials overview 
Beginning of Nanotechnology 
 “There is plenty of the room at the bottom” was the title of the talk delivered by great the 
physicist Richard Feynman in 1959, very rightly predicting the potential of the phenomenon of 
miniaturization. 
[1]
 In his visionary talk, Feynman proposed an idea of designing, manufacturing 
nanorobots and introducing them into the human body to perform the function of cellular repair 
on a molecular level. He also talked about an idea of making the machines down to the atomic 
level. In 1974, the term ‘nanotechnology’ was coined by Norio Taniguchi in Tokyo University of 
Science when the actual era of nanotechnology began. 
[2]
  
 Nanotechnology can be defined as creation and utilization of the materials, devices and 
systems through the control of the matter at the nanometer scale length i.e at the level of atoms, 
molecules or supramolecular assemblies. 
[4]
 
 Research activity in the field of nanotechnology has risen exponentially within the last 
three decades as can be seen from the Figure 1.1 shown below, where the number of publications 
in the field of nanotechnology in every continent of the world is rapidly growing every year. 
[3]
 
As very rightly perceived by Feynman, the field of nanotechnology is turning out to be a 
multidisciplinary field that embraces biology, chemistry, physics and material science, and 
playing a crucial role in the betterment of the society. 
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Figure 1.1: Number of publications in the field of nanotechnology over the time all over the 
world. 
[3]
            
What are nanomaterials? 
 Nanomaterials can be defined as materials with at least one characteristic dimension 
measured at nanometer scale – nanometer is one billionth of the meter (10-9 m).  As can be seen 
from the figure 1.2 shown below, which is size scale, nanometer is the size of the DNA or the 
protein molecules in the human body. 
                                                      
                        Figure 1.2 - Size scale for comparison of different species. 
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 Occurrence of natural nanomaterials is prevalent but with better understanding of science, 
scientists and engineers are able to manipulate the matter to the nanoscale. Traditionally 
nanomaterials have been synthesized by two approaches, namely, ‘top-down’ and ‘bottom-up’ 
approach. In top-down approach which also called as physical approach, nanomaterials are 
generally prepared by grinding of the bulk materials, followed by stabilization with addition of 
colloidal protecting agent to prevent aggregation. Bottom-up approach which is also referred as 
chemical approach, as name suggests, involves building up nanomaterial one molecule/atom at a 
time and stopping the growth of material at nanoscale with addition of some stabilizing agent to 
stop the growth beyond nanosize. Bottom-up approach works very much the same way as that of 
the synthesis of macromolecules in the living organisms. 
[4]
 
 
                                                         
        Figure 1.3 – Top-down and bottom-up approaches for the nanomaterial synthesis. [6] 
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 Properties of the material at the nanoscale are much different from the properties in the 
bulk phase. Nanoscale material has higher surface area i.e higher surface-to-volume ratio than 
that of the bulk material which imparts new or enhanced size dependent properties to the 
material. Interestingly, size constraints produce qualitatively new behavior because of the 
properties, phenomena, processes and functionalities that matter possesses at intermediate sizes 
between atoms/ molecules and bulk size (over micrometers). 
[5]
 
Applications of the Nanomaterials 
 Nanomaterials are at the forefront of nanotechnology. Properties of these different 
nanomaterials can be tuned by controlling the size, shape and morphology and hence ultimately 
nanomaterials with desired properties can be obtained by mere fabricating the controlled 
structure of the nanoparticles. As tunable properties can be obtained from the nanomaterials, 
present and future applications of the nanomaterials spread over broad range of markets such as 
bio-medical, food and agriculture, sensing, catalysis, renewable energy, pharmaceuticals, 
cosmetics, surface coating, plastics, textiles, electronics and automotive industries etc.  
 Nanotechnology involves fusion of scientific branches from physics, chemistry, biology 
and engineering and hence it is called interdisciplinary field which opens up new doors of 
applications. 
[7]
 For the same reason, one type of nanomaterial may have applications in multiple 
fields. For example, lanthanides based upconversion nanoparticles are successfully used as 
photodynamic therapy agent and upconversion nanoparticles based solar cells are also possible, 
Iron oxide nanoparticles are not only applied for MRI imaging but they can also be used for 
photo-thermal therapy. Figure 1.4 below shows the comprehensive summary of applications of 
nanomaterials in the different fields. 
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      Figure 1.4:  Comprehensive overview of applications nanomaterials in different industries.
 [5]
 
 
 As can be seen in Figure 1.4, nanomaterials have interesting applications in a wide variety 
of fields. Here we would like to discuss further the applications of the nanomaterials in few of 
them such as biomedical, sensing, catalysis, food and agriculture and renewable energy. 
1.  Biomedical applications 
 Given the numbers of subfields within biomedical field, there are ranges of different 
nanostructures which can be useful in various aspects. We mention here a few types of 
nanomaterial well known for their applications in the biomedical field. 
 Carbon based nanostructures: Carbon based nanoparticles includes fullerene, graphene, 
carbon nanotubes and carbon nanodiamonds to mention a few. Fullerene, which is a 
polygonal molecule with the shape of a soccer ball, contains 60 carbon atoms per 
molecule. Water soluble fullerene derivatives are popularly used as pharmaceutical 
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agents.
 [4]
 They have good biocompatibility and possess low toxicity 
[4]
 even at high 
dosage. Fullerene serves as antiviral agent against human immuno deficiency virus, 
antibacterial agent against E.coli, streptococcus, photodynamic therapy agents for 
anticancer therapy, anti-apoptotic agent against Parkinson’s disease. [4] Graphene is 
another material with high aspect ratio which has recently gained attention for various 
biomedical applications such as biosensing, imaging, therapeutics, drug delivery and 
antibacterial applications.
 [4]
 Along the same line, single-walled and multi-walled carbon 
nanotubes, which have high mechanical strength, are also being explored for the 
biomedical applications. Nano-diamonds i.e diamond nanoparticles are being used as 
single molecule biomarker for fluorescence imaging and also being used as carrier of 
pharmaceutical agents.
 [4]
 
 Quantum dots (QDs):  Quantum dots are semiconductor nanoparticles, which have special 
confined excited state and hence their fluorescent properties change with size.
 [4]
 Upon 
coating them with biocompatible material, they can be successfully used in the imaging, 
therapy and bio-sensing and drug delivery applications. But quantum dots possess some 
toxic metals like cadmium, which are limiting their use in the bio-applications.
 [4]
 
 Polymeric nanoparticles: Colloidal polymeric nanoparticles made up of naturally 
occurring or synthetic or semi-synthetic polymers are largely used for the drug delivery 
applications where, drug is dissolved and loaded in the polymer nanoparticles or attached 
on the surface and drug delivery can be carried out. For example, Chitosan, poly-lactic 
acid, poly-caprolactum are the widely used polymers for drug delivery.
 [4]
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 Liposomes: These nanoparticles are made up of lipid bilayer membrane surrounding an 
aqueous interior. Because of the similarity of these liposomes to the cell membrane, these 
interesting nanostructures are used in delivering and improving the efficacy of drugs. 
[4]
 
 
                                     
              Figure 1.5: Summary of biomedical application of the nanomaterials.
 [4]
 
2. Food packaging and agriculture 
 Polymer organoclay nanocomposites: Polymer organoclay nanocomposites are 
extensively used in food packaging market. Full commercial success in this field is 
obtained by nanocomposite of clay, polyamide and epoxy systems and efforts are being 
put in exploring polypropylene and polyethylene based nanocomposites as well.
 [8]
 These 
nanocomposites are usually prepared by two methods called melt compounding and in 
situ polymerization. Polymer clay nanocomposites are also used in the agriculture as 
nanocarriers and as soil amendments for reducing leaching losses. 
[8]
 
 Nanoparticles and inorganic nanocarriers in agriculture: Silica nanoparticles are widely 
used in variety of applications. They act as a carrier for delivering the substance to 
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different parts on the plants. Silica nanoparticles are also known to be used for the 
protection of the active compounds in the plant.
 [9]
 Nanosized calcium carbonate is used 
as a carrier for controlled release of Validamicin, a fungicide.
 [9]
 Carbon nanotubes have a 
very interesting application of treating the plants with antisense oligonucleotide therapy, 
which is generally carried out for removing genetic disorder. Other nanomaterials are also 
used for the purpose of sensing the pesticides. 
[10]
 
3. Catalysis 
 Catalysis is prevalent across all industries and it affects lives of mankind in many ways. 
Nanocatalysis mainly consists of heterogeneous catalysis where nanoparticles themselves act as 
catalyst or support the catalysts. Efficiency of nanocatalysis arises from the high surface-to-
volume ratio of the nanoparticles. A variety of nanostructure are used in heterogeneous catalysis, 
we mention a few examples here. 
 Metal and metals oxide nanoparticles:  Silver (Ag), Gold (Au), Platinum (Pt), Nickel (Ni) 
nanoparticles are extensively used for the heterogeneous catalysis. Nanoparticles of these 
metals and metal oxides, such as iron oxide (Fe3O4), Co3O4 and Cu2O, have enhanced 
catalytic activity because of the high surface-to-volume ratio. 
[11]
 
 Bimetallic nanostructures: Bimetallic structures are commonly used in the industries but 
bimetallic nanostructures are recently introduced for efficient catalysis. Bimetallic 
nanostructures like Pt-Au, Pt-Cu, Pd-Au, Ni-Au, are easily prepared with controlled 
proportion of each metal for desired applications.  It is been shown recently that 
bimetallic nanostructures show higher catalytic activity for CO oxidation than their bulk 
counterparts. 
[11]
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 Silica/Dendrimers supported metal nanoparticles: Metal nanoparticles supported on 
dielectric material such as SiO2 nanoparticles are also common in heterogeneous 
catalysis. For example, Pt supported on SiO2, Fe3O4 core SiO2 shell nanoparticles are also 
very popular catalysts. In some cases dendrimers also play a role as catalyst and hence 
dendrimers encapsulated metal nanoparticles are enhanced catalyst because of combined 
catalytic activity of the dendrimers and metal nanoparticles. Commonly used dendrimer is 
polyamidamines (PAMAMs).
 [11]
 
4. Sensing
 
 
 Fabrication of nanoparticles with different shapes, and sizes with a wide range of 
remarkable properties have enabled analytical chemists to use these interesting properties of 
nanomaterials for sensing purpose. Sensing of analytes ranging from bio-analyte, environmental 
pollutants, DNAs and RNAs is possible with available nanomaterials. We mention the 
applications of a few nanostructures for sensing here. 
 Silicon based nanostructures:  Silicon nanowires and silicon nanowires based arrays have 
recently been applied to monitor the environmental pollution. TNT (2,4,6- trinitrotoluene) 
sensing with the help of silicon based nanowires is successfully demonstrated for TNT 
concentration as low as femtomolar. 
[13]
 Combination of gold nanoparticles and silicon 
nanowires produce excellent electrochemical sensor. Silicon nanowires are also used to 
detect toxic metal ions in environment such as, Cu
2+
, Pb
2+
, Hg
2+
, and Cd
2+
.
[13]
 
 Metal nanoparticles:  Ag and Au nanoparticles, because of their unique optical properties 
are extensively used as colorimetric sensors for analytes such as phenols, and TNT. They 
also show a high potential for developing a viable, easy and simple sensing platform.
 [13]
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 Carbon based nanomaterials and quantum dots (QDs): Carbon nanotubes (CNTs) and 
graphene are widely studied for developing them into nanosensors. CNTs and graphene 
have remarkable properties such as high electrical and thermal conductivity, good 
mechanical strength, very large surface area which make them ideal nanomaterials for 
sensing analytes such as peroxides, organophosphate pesticides, toxic gases and industrial 
waste water. QDs are small and fluorescent, so detection schemes based on fluorescence 
and energy transfer (ET) are numerous for a plethora of analytes.
 [13]
 
 Sensing using combination of these nanomaterials also provides versatile sensing 
platform. Miscellaneous nanomaterials like Fe3O4, ZrO2, and SiO2 are also part of the 
nanomaterials used for the sensing applications.
 [13]
 
5. Renewable energy 
Rapid depletion of fossil fuels and growing emission of greenhouse gases have been a cause of 
concern and scientists are looking into renewable energy sources and ways to produce them. Like 
every other fields, nanomaterials have also made an impact and provided platforms for renewable 
sources of energy. Out of many nanomaterials for renewable energy, we enlist a few here. 
 Titanium dioxide: Generation of hydrogen by splitting water is one of the interesting 
initiatives for renewable energy generation. TiO2 nanoparticles, since 1972, are 
extensively studied for photocatalytic water splitting. TiO2 is a semiconductor material 
which generates electron hole pair upon solar irradiation; electron transfer to water 
molecules leads to hydrogen generation by water splitting.
 [14]
 TiO2 has electronic band 
gap in ultra-violet energy region which has limited the photocatalytic activity of TiO2 
using solar radiations. To enhance the activity, band gap of TiO2 nanomaterial can be 
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tuned by doping various metal or non-metal ions.TiO2 nanoparticles are also reported to 
have applications in dye sensitized solar cells.
 [14a]
 
 Modified (Ga1-xZnx) (N1-xOx) based nanomaterial:
 [14]
 Solid (Ga1-xZnx)(N1-xOx) material is 
investigated with considerable amount of interest for photocatalytic hydrogen generation 
by water splitting.
 [14]
 Recently, (Ga1-xZnx) (N1-xOx) material modified with nanoparticles 
of mixed oxides of rhodium and chromium is reported to have higher photocatalytic 
activity than only (Ga1-xZnx) (N1-xOx).  ZnO based (Ga1-xZnx) (N1-xOx) nanomaterials have 
found to have enhanced photocatalytic activity.
 [14a]
 
 CdSe nanorods: Highly nanoporous CdS nanorods and nanosheets have shown a great 
potential for photocatalytic hydrogen generation by electro-splitting of water because 
nanopores provides high surface area. Catalytic activity of CdS nanorods was enhanced 
by loading platinum nanostructures around the CdS nanorods . Pt tipped nanorods are 
also used for the same application.
 [14a]
 
 Upconversion nanomaterials for dye sensitized solar cells: Upconversion systems are 
mainly applied in the solar cells to improve the efficiency of the solar cell by making use 
of red or longer wavelength region by converting lower energy light into higher energy 
light on the virtue of multiphoton process.
 [14b]
 Dye based upconversion system involves 
process of triplet-triplet annihilation. This kind of dye system can be captured in the 
nanoparticles which can be used in solar cell applications to improve the solar energy 
conversion efficiency. Lanthanides based upconversion nanoparticles also find interesting 
applications in the solar cells.
 [14b]
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 The list of types of nanoparticles and their application can go on and on.  It is believed 
that field of nanomaterials is yet to reach its maximum potential and continues to finds further 
interesting applications. We here, in this work, attempt to develop optically active nanomaterials 
for potential applications, such as sensing, imaging and therapeutics. We would like to make 
some introductory remarks about these nanomaterials explaining the origin, mechanisms and 
phenomena related to these nanomaterials we have developed.                              
II. Lanthanides based Upconversion Nanoparticles 
 Upconversion is a process in which multiple lower energy photons are absorbed and 
single photon of higher energy is emitted by the system. This process is in contrast to the 
conventional down conversion (fluorescence) process of dyes where energy of absorbed photons 
is higher than the energy of emitted photons. Figure 1.6 below shows the difference between the 
process of upconversion and down conversion. 
                                              
            Figure 1.6: Difference between process of down conversion and upconversion.
 [15]
 
 
 The concept of emission of light from the lanthanides was first explained by a German 
physicist Eilhardt Wiedemann in 1888 and coined the term called ‘Lanthanide luminiscence’. [16] 
The phenomenon of lanthanide based upconversion can be tracked back to 1959 when 
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Bloembergen first proposed this idea 
[17]
. Since then lanthanide based upconversion materials are 
relentlessly studied. Mechanisms and applications of upconversion materials are well explained 
in the literature by several physicists including Auzel, Mita, Garlick and Wright. 
[17]
 
 Lanthanide doped colloidal upconversion nanoparticles have stimulated considerable 
amount of interest after the first report of synthesis about a decade ago. 
[19a]
 Upconversion 
nanophosphors with different host lattices and variety of lanthanides as sensitizer and emitter 
combinations are explored. To the date, sodium yttrium fluoride (NaYF4) is reported to be the 
most efficient host and its combination with ytterbium (Yb) as sensitizer and erbium (Er) emitter, 
is the best reported upconversion nanophosphor.
 [19b]
 Figure 1.7 below shows the typical NaYF4 
(Yb, Er) upconversion mechanism schematics:   
 
                               
 
Figure 1.7: Left: NaYF4 upconversion nanoparticle with Yb
3+
 and Er
3+
 doped inside converting 
NIR light to visible light. Right: Energy splitting of trivalent Yb
3+
 and Er 
3+
 inside NaYF4 
nanoparticle 
[18]
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Upconversion mechanism  
 NaYF4 lattice is the most efficient lattice for Yb
3+
 and Er
3+
 based upconversion emission 
because of the optimum distance between the Yb
3+
 and Er
3+
 in NaYF4 and also low phonon 
energies of NaYF4 lattice minimizes non-radiative losses.
 [19]
 Upconversion process based on 
Yb
3+
 and Er
3+
 is a two photon process where two Yb
3+
 ions (sensitizer) absorbs NIR (980 nm) 
photons followed by simultaneous energy transfer to a single Er
3+
 ion. After absorption of 
multiple photons, Er
3+ 
emits a photon of higher energy. Upconversion process can take place by 
multiple mechanisms out of which Excited State Absorption (ESA) and Energy Transfer 
Upconversion (ETU) are the most efficient.
 [19]
 This upconversion is possible because of longer 
lifetimes and the ladder like structure of electronic states of the lanthanides caused by crystal 
field splitting after doping them into NaYF4 nanoparticles. 
[19]
 
Synthesis and features   
 Typical methods of synthesis of upconversion nanocrystals are enlisted in Table 1.1 
below along with advantages and disadvantages. Co-precipitation and hydrothermal synthesis are 
the more common methods of preparation. 
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                   Table 1.1: Typical methods of synthesis of upconversion nanocrystals 
[20]
 
 
 Lanthanides doped nanocrystals have unique optical properties such as sharp emission 
bands, infra-red excitation and hence deep penetration in biological samples, low background 
noise, less tendency to photo-oxidation, non-blinking emission.
 [21]
 Most of these properties are 
due to the ladder like electronic structure of these lanthanide ions inside the host matrix because 
of the crystal field splitting. These features make them suitable as biological imaging and 
fluorescence based detection probes, photodynamic therapy agents, single particle imaging 
probes, luminescence photovoltaic concentrators, anti-counterfeit labels and nanophosphors for 
multidimensional displays. 
[21]
 
III. Metal nanoparticles 
 Noble metals like Silver (Ag), gold (Au), platinum (Pt), palladium (Pd) in nanoparticle 
forms have stimulated lot of research interests in the recent times. These noble metal 
nanostructures have characteristic optical, electrical, magnetic and chemical properties, which 
has generated research activities not only about understanding the basic science but also about 
their technological applications.  Properties of all these metal nanostructures are dependent on 
the shape, size, morphology and stabilizing ligands. Hence properties of noble metal 
nanostructures can be tuned just by controlling the size and shape of the nanostructures.  
 Out of a variety of properties and property based applications such as catalysis, 
electronics, photonics, information storage, drug delivery and biological labeling, 
[22a]
 we limit 
here ourselves to the field of plasmonics which deals with the surface plasmons present on the 
metals nanoparticles’ surface. The most important metals in the field of plasmonics are Silver 
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(Ag) and Gold (Au). Ag and Au nanostructures are extensively studied as can be seen from the 
chart below in Figure 1.8 below, which shows the number of publications related to Ag 
nanoparticles has exponential growth over the last two decades. 
 
                                       
 
                    Figure 1.8 - Number of research papers on Ag nanoparticles over the years 
[22b]
 
 
Synthesis of Ag and Au nanostructures  
 The classic and popular citrate reduction method developed by Turkevich 
[23]
 was one of 
the first few methods to prepare stable gold nanoparticles dispersion. After that, with better 
understanding of chemistry, other methods with different stabilizing agent and with different 
chemistry are widely used. Ag and Au nanoparticles stabilized by biomolecules, a variety of 
polymers, dendrimers, and green capping agents have been successfully prepared. 
[25]
 Synthesis 
using different small molecules ligands such as phosphines, amines, carboxylated ligands, is also 
carried out in a successful manner 
[24]
. There is a large class of thiol containing ligands, which 
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can be used as capping agent in Ag and Au nanoparticles synthesis. Two phase synthesis using 
Brust-Schiffrin method is also popular for synthesizing Ag and Au nanoparticles. 
[24]
 
 Developments in synthesis also include different shapes of nanostructures including 
nanocubes, 
[26]
 nanoprisms, 
[27]
 nanostars, 
[28]
 nanorods, 
[29]
 and nanostructures with different 
geometries. 
[22]
 Core-shell structure like Au@Ag and Ag@Au, different composites like core and 
satellite nanostructures are now easily developed and applied for the multiple applications. 
Optical properties of Ag and Au nanostructures  
 Optical properties of Au and Ag nanostructures make them very appealing in the field of 
plasmonics. These metal nanostructures have presence of surface plasmons on the surface. 
Surface plasmons are nothing but collective oscillation of the conduction electrons of the metal 
which are light sensitive. These surface plasmons can be resonantly excited by electromagnetic 
radiations as can be seen in the Figure 1.9 below. 
[30a]
 
 Resonance frequency of surface plasmons depends upon dielectric function of the metal, 
dielectric function of the surrounding, and size and shape of the nanostructure. These optical 
properties can be tuned just by changing the surrounding, size and shape of the nanostructure. 
For example, Au nanoparticles of 50 nm size have surface plasmon around 540 nm but Au 
nanorods have strong surface plasmon resonance at about 800 nm. Ag nanoparticles of about 50 
nm have characteristic surface plasmon resonance at about 400 nm. The presence of surface 
plasmon resonance makes Ag and Au nanostructures suitable for plasmonic sensing and Surface 
Enhanced Raman Spectroscopies (SERS). 
[30a]
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                                Figure 1.9
 
- Surface plasmon resonance in gold nanoparticle 
[30a]
 
Applications in plasmonic sensing and SERS 
 As localized surface plasmon resonance (LSPR) of a particular nanostructure is sensitive 
to the surrounding environment, these nanostructures can be used for sensing different kind of 
ions, gases, chemicals, biomolecules, DNAs, RNAs. Localized surface plasmon resonance 
(LSPR) based sensing is mainly based on the aggregation of the system upon addition of any 
analyte as LSPR of nanostructure changes upon aggregation. Synthesis of Ag and Au 
nanostructures of a variety of shapes, sizes and different stabilizing ligands and aggregation 
based sensing offer selective detection of a spectrum of analytes. 
[31, 32]
  
 SERS is nothing but Raman scattering from the molecule on the metal nanostructures 
surface. Surface plasmons present on the surface of the metal nanoparticles, amplify the 
electromagnetic radiation intensity upon resonance. This amplification in electromagnetic field 
on metal surface leads to enhanced Raman signal from the molecule which has proximity to the 
metal nanostructures. SERS is a very sensitive technique which can be applied for selective 
detections of a range of analytes such as heavy metals ions, biomolecules including nucleic acids, 
hazardous and explosive chemicals. 
[30b] 
It is also used to monitor the organic reactions and study 
the surface of different metal nanostructures. 
[30a] 
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IV. Conjugated Polymers and Their Nanoparticles 
 In 2000, Alan J. Heeger, Alan G. MacDiarmid, Hideki Shirakawa received Nobel Prize 
for the discovery of the conjugated polymers. Conjugated polymers are the polymers which have 
alternate single and double bond throughout the backbone of the polymer. Presence of alternate 
single and double bonds generates delocalized pi electrons in the polymer backbone, which 
makes the class of conjugated polymer light sensitive.  
 Conjugated polymers have shown great potential for organic photovoltaics, field effect 
transistors, light emitting diodes, electrochromic devices. Hence the developments in the 
synthesis of different polymers with different properties have shown exponential increase. Also 
concepts of flexible electronics and printed electronics have stimulated a lot of research in this 
field. 
[34, 35]
 
Structure of the conjugated polymers 
 Earlier members of the conjugated polymers posed difficulty in processing and 
applications because of their structure. It was then realized that adding different kinds of side 
chains to the backbone can make the conjugated polymer process-able. This idea of adding side 
chains to backbone and increase the process ability is termed as side chain engineering. 
[33, 35]
 So 
the final properties of the conjugated polymers are not only dependent on the backbone but also 
on the side chains planted on backbone. Their properties can be tuned by just changing the side 
chains. Derivatives of some commonly used conjugated polymers such as poly-
phenylenevinylene (PPV), polyfluorenes, poly(arylenevinylene), polythiophenes have different 
properties based on the side chain engineering. 
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Nanoparticles 
 Compared to conjugated polymers, conjugated polymer nanoparticles are less studied in 
the literature. First report of colloidal suspension of conjugated polymer nanoparticles like 
polyacetylene, polypyrrole and polyaniline appeared in 1980s, motivated by difficulties in the 
processing of these polymers. 
[33, 34]
 Most of them were notoriously insoluble unless backbones 
are modified by the side chain engineering. Nanoparticles of luminescent conjugated polymers 
are recently gaining attention since their synthesis was reported for the first time in the last 
decade. 
[33]
 
 These conjugated nanoparticles can be synthesized post polymerization by techniques like 
emulsion and precipitation. In this approach, already synthesized polymer is converted into 
nanoparticles by use of emulsifiers and surfactants applying high shear typically by sonication.
 
[33] 
These methods are easy and control over nanoparticles properties can be obtained by 
controlling the polymer properties. Another approach of synthesizing these nanoparticles 
involves in situ polymerization in nano form from monomers. In this technique, there is direct 
generation of nanoparticles of polymer during the polymerization from its low molecular weight 
monomers. This method is generally heterogeneous system where dispersing medium which is 
non solvent for the polymer, provides wide access to tune in the size and shape of the 
nanoparticles. 
[33]
  
 Nanoparticles of luminescent conjugated polymers like PPV, polyfluorenes have 
excellent fluorescent properties. Also, because small nanoparticles as small as 1-5 nm can be 
synthesized from these polymers, these nanoparticles (they are also called nanodots) are materials 
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of considerable interest for applications of bio-imaging, fluorescent based detection and other 
related applications. 
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Chapter 2: Ag-Fe3O4 nanocomposites for quantitative sensing based on Surface 
Enhanced Raman Scattering. 
(This study is published in J. Mater. Chem. C, 2014, 2, 9964) 
 
Introduction 
 Surface Enhanced Raman Scattering (SERS) is Raman scattering from the molecule 
which is situated in very close vicinity of the metal (mainly silver and gold) nanostructure. 
Inelastic Raman signal from the molecule gets enhanced by orders of magnitude because of huge 
electromagnetic enhancement at the metal nanostructures’ surface. SERS is extremely beneficial 
technique in the field of physical chemistry because it reveals vibrational structure of the 
molecules. This vibrational structure information can be used as fingerprint of the same and 
hence SERS is widely used to detect spectrum of analytes in different areas. 
[1-5]
 Very interesting 
advantage of SERS is that inelastic Raman scattering signal of molecule gets enhanced to a great 
deal. Because of SERS, it is possible to carry out detection to a single molecule level. 
[6]
 
However quantitative detection using SERS is not yet well established majorly because of the 
difficulties in reproducing metals nanostructure which act as SERS substrate which leads to the 
difficulty in reproducing SERS signals. 
 Considerable amount of efforts have been put in addressing the problem of poor 
quantification with SERS. One of the interesting initiatives is Isotope Edited Internal Standard 
(ISIE) which involves quantification using isotope edited counter part of the analyte. 
[10-13]
 In 
spite of being good quantification approach, there are some intrinsic demerits of this method. 
First and important is that isotope edited counter part of the analyte has to be made available. 
 
 
 
25 
 
Also, there needs to be significant difference between the SERS spectrum of analyte and its 
isotope edited counterpart in order to make quantification possible, which is unlikely and hence 
limiting the choice of analytes. Another approach is to use Self Assembled Monolayer (SAM). 
Depositing SAM on SERS substrate avoids direct adsorption between the surface of the substrate 
provides reproducibility in SERS signal but at the same time it may develop a possibility of 
compromising the electromagnetic enhancement at analytes position leading to decrease in the 
sensitivity of detection.
[14] 
Another intriguing method involves use of the special probes, some of 
the vibrational bands of which are sensitive to analyte.
[15-21] 
Normalization of sensitive 
vibrational bands with non-sensitive bands provides better quantification. However, availability 
of the special probes slightly limits its utility. So there are still challenges present in making 
SERS a better quantitative technique than present and there is a need to search for better 
alternatives to do that. 
 In this chapter, quantitative SERS based detection using Ag-Fe3O4 nanocomposites with 
internal standard is reported. Facile and robust synthesis of Ag-Fe3O4 nanocomposite followed 
by thorough characterization of the same is demonstrated. Polyacrylic acid (PAA) coated Fe3O4 
nanoparticles are first synthesized and then silver ions are reduced on the surface of Fe3O4 
nanoparticles. Interestingly PAA serves as stabilizing agent of Fe3O4 nanoparticles as well as 
internal standard. This kind of embedded internal reference is not dependent on the analyte and 
hence can be used for wide variety of analytes. Also, because internal standard is embedded in 
the nanstructure, it does not interfere with analytes deposition on the SERS substrate. With Ag-
Fe3O4 nanocomposites and PAA as internal standard, quantitative detection of 4-
Aminothiophenol and Dopamine is successfully carried out. Quantitative detection of 
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polyaromatic hydrocarbons (PAH) which are common organic pollutants is proposed by 
functionalizing Ag-Fe3O4 nanocomposites by cyclodextrin moieties since PAH forms complex 
with cyclodextrin which help to bring PAH closer to metal surface. Shown below is the 
schematic for quantitative SERS based detection of 4-ATP and dopamine using Ag-Fe3O4 
nanocomposites with PAA as internal standard. 
                             
Scheme 2.1- Schematic for quantitative SERS based detection of 4-ATP and dopamine using Ag-
Fe3O4 nanocomposites 
Experimental 
Materials  
Ferric chloride (FeCl3·6H2O), ferrous chloride (FeCl2·6H2O), hydrochloric acid, 
polyacrylic acid (PAA, MW 1800), silver nitrate, sodium citrate, sodium borohydride, 4-
aminothiophenol (ATP), and dopamine hydrochloride (DA) were obtained from Sigma-Aldrich. 
Ammonium hydroxide was ordered from Fisher scientific. All chemicals were used as received. 
Synthesis of PAA-coated Fe3O4 nanoparticles 
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The synthesis of Fe3O4 nanoparticles is inspired from what has been reported in the 
literature. 
[22, 23]
 In a typical run, iron salts solution (0.62 g FeCl3·6H2O and 0.32 g FeCl2·6H2O in 
2 mL 0.6 M HCl) was added to NH4OH solution (1.8 mL of 30% NH4OH in 15 mL N2-purged 
DI water). The resulting black solution was stirred for 30 s before PAA solution (820 mg of PAA 
in 5 mL DI water) was added. The resulting suspension was stirred for 2 hr. Nanoparticles were 
then collected through centrifugation at 4000 rpm for 30 min and washed twice with DI water. 
PAA-coated Fe3O4 nanoparticles were dispersed in water until later use. 
Synthesis of Ag-Fe3O4 nanocomposites 
50 mg of Fe3O4 nanoparticles were dispersed in 5 mL of water. 0.8 mL of 0.1 M AgNO3 
was added and stirred for 30 minutes. Excess silver ions were removed from the nanoparticles 
through centrifugation (15000 rpm, 15 min). Nanoparticles were again dispersed in 5 mL DI 
water. 1 mL sodium citrate solution (0.02 g/mL) and 200 µL of sodium borohydride solution 
(0.005 g/mL) were subsequently added and stirred for 5 min. The solution turned yellowish 
black, indicating the formation of Ag-Fe3O4 nanocomposites. The nanocomposites were washed 
twice by water through centrifugation (15000 rpm, 15 min). They were redispersed in DI water in 
a vial. A magnet was placed on the side of the vial for 8 hr to attract the Ag-Fe3O4 
nanocomposites before the supernatant was removed by pipette. The same procedures can be 
repeated multiple times to increase the Ag loading in the Ag-Fe3O4 nanocomposites. 
 
TEM 
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TEM was used to determine the size and morphology of the Ag-Fe3O4 nanocomposites. A 
drop of nanocomposite dispersion was dried on a carbon-coated copper grid at room temperature. 
TEM images were taken on a Phillips Biotwin 12 transmission electron microscope. 
UV-Vis spectra measurement 
UV-Vis spectra were recorded by an Ocean Optics USB 4000 spectrophotometer using a 
1-cm path-length quartz cell at room temperature.  
Raman measurement 
Ag-Fe3O4 nanocomposites were dispersed thoroughly in DI water. A small amount of the 
solution was transferred to a quartz capillary tube (I.D: ~1 mm). The tube was then placed on the 
stage of a Renishaw InVia microscope with a 10x objective (NA 0.25) for Raman measurement. 
Laser intensity at the sample was ~11 mW from the 785 nm line of a diode laser for all 
measurements. Samples at each concentration were measured 3 times. Each measurement was 
the average of 5 scans. Exposure time for each scan was 20 sec. 
Results and discussion  
Synthesis of Fe3O4 nanoparticles 
Synthesis of Fe3O4 nanoparticles with PAA as stabilizing agent is reported in the 
literature.
 [22]
 FTIR and Zeta potential measurements are provided as evidence of PAA coating on 
Fe3O4 nanoparticles. FTIR spectra are shown in figure 2.1. Characteristic peak of the C=O 
stretching is found at ~1600 cm
-1
. The peak at ~1412 cm
-1
 corresponds to the C-O stretching and 
the one at ~1451 cm
-1
 to the -CH2 deformation, all indicating the presence of carboxyl groups, 
which can only come from PAA. 
[21]
 Negative zeta potential (-22.55 mV) further supports that 
the carboxyl group of PAA is on the nanoparticle surface. The size of the nanoparticles is ~ 20 
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nm, similar to those reported in the literature. 
[22]
 Evidence of presence of PAA on the Fe3O4 
nanoparticles is also provided by SERS measurements shown in figure 2.1. 
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Figure 2.1- Left: FTIR spectrum of only PAA (black curve) and Fe3O4 nanoparticles (red curve) 
Raman spectra of PAA (black) and Ag-Fe3O4 nanocomposites (red curve). 
Synthesis of Ag-Fe3O4 nanocomposites  
 Silver cations gets electrostatically attracted towards negatively charged PAA coated 
Fe3O4 nanoparticles. Excess of free silver ions are removed from the solution. Silver ions which 
are adsorbed on the nanoparticle surface are reduced by addition of mixture of sodium citrate and 
sodium borohydride solution, leading to formation of Ag-Fe3O4 nanocomposites. This process 
can be repeated to increase the Ag portion in the Ag-Fe3O4 nanocomposites. Small possibility of 
formation of Ag nanoparticles during the synthesis, which would potentially affect the SERS 
measurements, is avoided by use of a magnet to separate the Ag-Fe3O4 nanocomposites from any 
possible free Ag nanoparticles at the end of the washing process, making sure that all SERS 
substrates in the subsequent SERS measurements are Ag-Fe3O4 nanocomposites and not Ag 
nanoparticles. Presence of silver is in the nanocomposites is proved by UV-Vis spectra of Ag-
Fe3O4 nanocomposites.  
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Figure 2.2 - Left- UV-Vis spectra for PAA coated Fe3O4 nanoparticles and Ag-Fe3O4 
nanocomposites. Middle- Demonstration of magnetic properties of Ag-Fe3O4 nanocomposites. 
Right- Transmission electron microscope image of Ag-Fe3O4 nanocomposites (Scale bar is 
20nm). Size of Ag-Fe3O4 nanocomposites is 30nm approximately. 
 
 The UV-vis spectra and TEM image of the Ag–Fe3O4 nanocomposites are shown in Fig. 
2.2. Surface plasmon peak of the silver at 400 nm proves the presence of the silver which is 
absent in the only Fe3O4 nanoparticles UV-Vis spectrum. The TEM image of the Ag–Fe3O4 
nanocomposites shows that the particles are fairly uniform in the size of 30 nm. We noticed that 
the Ag–Fe3O4 nanocomposites are stable for hours after sonication, allowing reproducible SERS 
measurements, which usually take minutes. The detection scheme described herein would work 
as long as no severe aggregation occurs. In case there is a slight precipitation of the Ag–Fe3O4 
nanocomposites after a longer period of storage, they can be redispersed easily under sonication. 
Quantitative SERS measurements of ATP  
 The underlining concept of the detection scheme is that, Ag in the Ag-Fe3O4 
nanocomposites serves as the substrate to enhance the Raman signals of analytes in the vicinity.       
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Meanwhile, PAA molecules in the Ag-Fe3O4 nanocomposites also display moderate SERS 
signals, which can be used as internal reference to normalize the signals of analytes. The 
measured SERS signals come from nanoparticles diffusing into and out of the focused spot under 
the objective, and thus represent the average intensity for a given solution. 
 
 
 
 
 
 
 
Figure 2.3- Left: SERS spectra of solutions containing the same amount of Ag–Fe3O4 
nanocomposites and different concentrations of ATP. Baselines are offset for clarity. Right: Plots 
of IATP vs. [ATP] and IATP/IPAA vs. [ATP].  
We first demonstrate the quantitative SERS measurement of ATP using the Ag-Fe3O4 
nanocomposites. Because of the strong affinity of its thiol group towards the silver surface, ATP 
would get adsorbed on the silver surface of the Ag-Fe3O4 nanocomposites. Results of the SERS 
measurement on solutions containing different concentrations of ATP and same amount of Ag-
Fe3O4 nanocomposites are shown in Figure 2.3 (left). The peak at 925 cm
-1
 is assigned to PAA
 
[24]
 and that at 1065 cm
-1
 to ATP. It is observed that the SERS intensity of the 1065 cm
-1
 peak 
generally increases with the increasing ATP concentration, while that of 925 cm
-1
 only fluctuates 
slightly among the samples. The advantage of using PAA as the internal reference is illustrated in 
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Figure 2.3 (right), where plots of IATP vs. [ATP] and IATP/IPAA vs. [ATP] are both included. In the 
region where quantification is possible ([ATP] < 1 µM), IATP/IPAA vs. [ATP] plot displays a much 
better linear fit (higher R
2
-value), and 0.1 µM of ATP can be readily detected.   
It is interesting to note that at higher concentrations of ATP, the partial conversion of 
ATP into dimercaptoazobenzene may have taken place, as indicated by the appearance of the 
peak at 1139 cm
-1
. This observation is in line with those in some recent reports. 
[25, 26] 
Again, in the region where quantification is possible ([DA] < 0.5 mM), IDA/IPAA vs. [DA] 
plot displays a much better linear fit, with a detection limit of 10 µM (3σ above blank). 
Quantitative SERS measurements of dopamine (DA)  
DA is a well-known neurotransmitter, which plays an important role in the regulation and 
modulation of brain activities. For instance, Parkinson’s disease and Alzheimer’s disease are the 
pathological states associated with the disturbed level of DA. Clinically, it is important to know 
the concentration level of DA both for treatment of such diseases and for monitoring of the 
normal functioning of the brain. Thus there is ongoing need to develop rapid and reliable 
methods to quantitatively detect the DA level in solutions.
 [27]
 Here we applied the SERS 
detection scheme to measure the DA concentration. 
Results of the SERS measurement on solutions containing different concentrations of DA 
and same amount of the Ag-Fe3O4 nanocomposites are shown in Figure 2.4 (left). DA in the 
solution would partition to the nanocomposite surface and display its fingerprint SERS peaks. 
The peak at 1475 cm
-1
 (C-H bond in aliphatic chain) can be assigned to DA,
 [27]
 and is observed 
to increase with the increasing DA concentrations. The 1130 cm
-1
 peak of PAA is used as the 
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internal reference for quantification. Plots of IDA vs. [DA] and IDA/IPAA vs. [DA] are shown in 
Figure 2.4 (right). 
 
  
 
 
 
 
 
Figure 2.4- Left: SERS spectra of solutions containing same amount of Ag-Fe3O4 
nanocomposites and different concentrations of DA. Baselines are offset for clarity. Right: Plots 
of IDA (Peak area) vs. [DA] and IDA/IPAA (Peak area) vs. [DA].  
Note that in both cases the SERS signals of the analytes approach saturation at higher 
concentrations of analytes, which is reasonable considering that the adsorption of analytes onto 
the Ag-Fe3O4 nanocomposites follows the Langmuir model. The dynamic range of detection is 
directly related to the amount of Ag-Fe3O4 nanocomposites used in the mixture, and can be 
improved by using more Ag-Fe3O4 nanocomposites. The sensitivity of the detection is dependent 
on the amount of Ag-Fe3O4 nanocomposites used, and the interaction between Ag-Fe3O4 
nanocomposites and the analyte.  Stronger the affinity of the analyte (such as ATP) towards the 
Ag-Fe3O4 nanocomposites, higher the sensitivity of detection. In that regard, one would expect 
that the detection limit for DA can be improved by functionalizing the surface of Ag-Fe3O4 
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nanocomposites to attract DA more efficiently.
 [27]
 Notice that the SERS measurements are done 
in solution, and should be expected to have better reproducibility than those from solid samples.  
Increasing the Ag loading in the Ag-Fe3O4 nanocomposites: 
 Increasing the loading of the silver in the Ag-Fe3O4 nanocomposites may increase the 
detection sensitivity as presence of more proportion of Ag may lead to higher SERS 
enhancement. Proportion of the Ag in the Ag-Fe3O4 nanocomposites can be increased by 
depositing and reducing silver cations on the surface of Fe3O4 nanoparticles multiple times. As 
shown in figure 2.5, doubly Ag decorated Ag-Fe3O4 nanocomposites are more sensitive to same 
concentration of dopamine than singly decorated Ag-Fe3O4 nanocomposites. 
 
 
 
 
 
 
 
Figure 2.5- SERS measurements of dopamine using singly silver decorated and doubly silver 
decorated Ag-Fe3O4 nanocomposites. 
 
Multiple roles played by PAA in this SERS-based detection scheme should be pointed 
out. It serves as the stabilizing agent to stabilize Fe3O4 nanoparticles, and simultaneously attract 
silver ions, which subsequently are reduced into Ag to act as the SERS substrates. PAA also acts 
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as the internal reference for quantitative SERS measurements. It is possible that other polymers 
or molecules other than PAA can be used in the same manner. We expect that the scheme can be 
adapted for the detection of other analytes. Furthermore, there exists a large body of gold and/or 
silver-coated core–shell Fe3O4 nanoparticles in the literature, 
[28–30]
 which may all be potentially 
adapted for this type of SERS applications, when an internal Raman probe is introduced into 
those nanostructures. 
Conclusions 
Facile synthesis of Ag-Fe3O4 nanocomposites is reported, which can be used as SERS 
substrates. Quantitative SERS detection of 4-aminothiophenol and dopamine using the Ag-Fe3O4 
nanocomposites as SERS substrates are successfully demonstrated. The use of an internal 
reference, PAA in this study, remarkably improves the quality of the linear fitting and reliability 
for quantification. This versatile scheme has the potential for the detection of varieties of 
analytes. 
Prospective work 
The detection scheme described above relies upon the adsorption of the analyte on the 
surface of Ag-Fe3O4 nanocomposites. This magnetic property SERS substrate can be used for the 
detection of some specific analyte by functionalizing the substrate with functional molecules 
which can capture or have affinity towards particular analyte. 
Ag-Fe3O4 nanocomposites may be functionalized with β-cyclodextrin molecules. This 
may be performed just replacing stabilizing agent sodium citrate by β-cyclodextrin in the 
synthesis procedure keeping everything else same. β-cyclodextrin functionalized Ag-Fe3O4 
nanocomposites may be potentially applied to detect commonly known organic pollutant called 
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polyaromatic hydrocarbons (PAH), since β-cyclodextrin is known to form stable complex with 
PAH molecules
[31,32]. β-cyclodextrin may act as capturing element for selective detection of 
PAHs. 
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Chapter 3: Singlet oxygen generation from photosensitizer on the surface of 
upconversion nanoparticles for potential photodynamic therapy application. 
 
Introduction 
  Lanthanide-based upconversion nanoparticles (UCNPs) have gained a lot of attention in 
recent years because of their unique properties of near-infrared (NIR) excitation, large anti-stokes 
shift, high resistance to photo-oxidation, non-blinking emission, sharp emission bands, and low 
toxicity.
[1,2] 
These properties make UCNPs suitable for bio-imaging, biosensing, bio-labeling and 
photodynamic therapy (PDT).
[1-14]
 Over the years, UCNPs are usually synthesized by methods 
involving high boiling-point organic solvents and temperatures up to as high as 330 
o
C.
[4-11,15,16]
 
UCNPs produced from these methods are hydrophobic, and have to be transferred into aqueous 
media for biological applications by ligand exchange or by the use of surfactants, making the 
whole process laborious and time-consuming.
[4-11]
 There have been a few reports on in situ 
methods of polymer-coated UCNPs, which aim to develop more facile synthetic methods while 
maintaining the quality of UCNPs.
[17-19]
 These methods employ only moderate temperatures, and 
the resulting polymer coating readily provides functionality on the UCNP surface. Still, there is 
room for further investigations along this line of research, ideally completing the synthesis of 
UCNPs in one pot without compromising their photoluminescence properties. 
  Reports of UCNPs as successful PDT agents are abundant.
[3-11]
 Typically, 
photosensitizing molecules, which can be excited in spectral regions matching the emissions of 
UCNPs, are brought close to the UCNP surface, either through physical adsorption or covalent 
binding. It has been demonstrated that such hybrid photosensitizers (UCNP plus photosensitizing 
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molecules) can be excited by an NIR light source, facilitated through energy transfer from the 
UCNPs to the photosensitizing molecules. One would expect that the NIR excitation can provide 
deep tissue penetration, an important issue in advancing photodynamic therapy. However, within 
this realm of research, there have been few reports comparing the singlet oxygen generation 
efficiency under the direct excitation (i.e. visible light) of the photosensitizing molecules on the 
UCNP surface and the indirect excitation (i.e. NIR light) through UCNPs.
[4]
 It is important to 
investigate the efficiency of singlet oxygen generation of both processes in order to confirm that 
the indirect excitation scheme of hybrid photosensitizers is indeed superior to the direct 
excitation counterpart. 
  Herein we report a one-pot synthesis of polyethyleneimine (PEI) coated NaYF4(Yb,Er) 
UCNPs. The NaYF4(Yb,Er)@PEI UCNPs are fairly uniform in size and can be readily dispersed 
in aqueous media. Combined with the photosensitizing molecule chlorine e6 (Ce6), the resulting 
hybrid photosensitizer, NaYF4(Yb,Er)@PEI-Ce6, can generate singlet oxygen under both direct 
excitation (660 nm) and indirect excitation (980 nm). Efficiencies of singlet oxygen generation 
under different excitation conditions are investigated and compared. Scheme 3.1 below shows 
overall scheme of singlet oxygen  generation under visible and NIR light from photosensitizing 
molecule Ce6 on the surface of NaYF4(Yb,Er)@PEI UCNPs. 
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Scheme 3.1- Singlet oxygen generation from UCNP@Ce6 under visible and NIR excitation. 
 
Experimental 
Chemicals and materials 
  Ethylene glycol, yttrium chloride hydrate (YCl3·6H2O), ytterbium chloride hydrate 
(YbCl3·6H2O), erbium chloride (ErCl3·6H2O), 9-anthracene carboxylic acid (9-ACA), and 
polyethyleneimine (PEI, MW ~1300, 50% w/w solution in water) were obtained from Sigma-
Aldrich. Sodium chloride (NaCl), ammonium fluoride (NH4F), and Chlorine6 (Ce6) were 
ordered from Fisher Scientific. All chemicals were used as received without further purification.   
Synthesis of PEI coated up conversion nanoparticles (UCNPs)  
  In a typical run, 4.85 mg of YCl3·6H2O, 13.9 mg of YbCl3·6H2O, 1.1 mg of ErCl3·6H2O, 
23.4 mg NaCl and 50.0 mg of PEI were added in 3 mL ethylene glycol and the mixture was 
vortexed for 3 h to form a homogeneous solution (Solution 1). Separately, 30.0 mg of NH4F was 
dissolved in 2 mL of ethylene glycol in a Teflon container (Solution 2). Solution 1 was added to 
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Solution 2 dropwise under constant stirring. Mixture of the two solutions was stirred for 20 min. 
The Teflon container was then sealed tightly and placed inside a stainless steel capsule. The 
whole assembly was heated at 200 
o
C for 24 h in an oven.  The resulting nanoparticles were 
centrifuged down at a speed of 15K rpm for 30 min after cooling down to room temperature, and 
washed 3 times by ethanol and twice by DI water with centrifugation. The final UCNPs were 
well dispersed in aqueous media. 
Deposition of the Ce6 photosensitizer on UCNPs  
  In brief, 45 mg of NaYF4 (Yb,Er)@PEI UCNPs were dispersed in ethanol. 4 mL of 80 
ppm Ce6 solution was added to the nanoparticle solution, and the mixture was vortexed for 3 h. 
The nanoparticles were then washed with ethanol to remove excess Ce6, until the supernatant did 
not contain free Ce6 as checked by UV-vis absorption spectrometry. 
TEM measurement 
  A drop of NaYF4(Yb,Er)@PEI UCNPs dispersion was dried on the Formavar covered 
carbon coated copper grid at room temperature. Images were taken on a Phillips Biotwin 12 
transmission electron microscope.  
Luminescence measurement at 980 nm excitation 
  All photoluminescence measurements were done on a QM-40 spectrofluorometer (PTI, 
NJ), equipped with a Xenon lamp and an external 980 nm laser (Laser Glow Technology, 
Canada) as the excitation sources. A quartz cuvette was used in all measurements. Emission 
signals were collected using 10 mm as slit width.  
Fluorescence measurement 
  Fluorescence spectra were collected by fluorescence Spectrophotometer (Photon 
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Technology International, NJ) using quartz cuvette at room temperature. Excitation wavelength 
used for exciting 9-ACA was 363nm.  
Monitoring of singlet oxygen using 9-Anthracene carboxylic acid (9-ACA) 
  Briefly, 1 µM solution of 9-ACA in ethanol was prepared.  NaYF4(Yb,Er)@PEI-Ce6 
nanoparticles were dispersed in the 9-ACA solution. Fluorescence of 9-ACA solution was 
measured before and after irradiation by either the 980 nm laser or the 660 nm output of Xenon 
lamp. The excitation wavelength used to measure 9-ACA fluorescence was 363 nm.  
  In experiments deemed to study the penetration depths of the visible and NIR light and 
their effects on the singlet oxygen generation capacity, a piece of beef tissue (3-5 mm in 
thickness) was sandwiched between two glass slides, and placed in between the light source and 
the cuvette so that light would pass through the tissue before reaching the cuvette.  
Results and discussion 
Synthesis of NaYF4(Yb,Er)@PEI UCNPs 
  NaYF4(Yb,Er)@PEI UCNPs were synthesized by a hydrothermal method, adapted from 
procedures reported in the literature.
[18]
 Salts of all lanthanides required for the synthesis, along 
with low molecular-weight PEI as stabilizing agent, were mixed thoroughly in ethylene glycol. 
After raising the temperature of the mixture to 200 
o
C for an extended period of time, 
NaYF4(Yb,Er)@PEI UCNPs were formed. Under 980 nm excitation, these NaYF4 (Yb,Er)@PEI 
UCNPs emit green light at ~550 nm and red light at ~660 nm. Nanoparticle size of the UCNPs 
was estimated to be ~35 nm based on the TEM image (Figure 3.1).  
  The chelating capability of PEI to lanthanide ions is well reported in the literature. 
[20]
 In 
this case, the presence of PEI on the UCNPs' surface is confirmed by the FTIR spectrum shown 
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in Figure 3.1. Peaks at 1576 cm
-1
 (N-H bending), 1465 cm
-1
 (C-H bending), and 2940 and 2830 
cm
-1
 (C-H stretching), all indicate the presence of PEI on the nanoparticle surface,
[21]
 which not 
only allows the nanoparticles to be stabilized and dispersed in aqueous medium but also provides 
possibility of functionalization for further applications.
[18,20]
   
 
                                                                                                            
 
Figure 3.1- Left: Upconversion fluorescence spectrum of UCNPs at 980 nm laser excitation. 
Middle: FTIR of NaYF4@PEI nanoparticles. Right: TEM image of the NaYF4 UCNPs (Scale 
bar: 100nm) 
 
  Synthesis of NaYF4(Yb,Er)@PEI UCNPs has been reported with ethanol as solvent.
[18]
 It 
was shown that, when low molecular-weight PEI was used, irregular-shape and large UCNPs 
were obtained, whereas high molecular-weight PEI would produce NaYF4(Yb,Er)@PEI UCNPs 
with stronger green emission than red emission. In this study, ethylene glycol was used as the 
solvent and low molecular-weight PEI as stabilizing agent, which resulted in fairly uniform 
NaYF4(Yb,Er)@PEI UCNPs, with the red emission stronger than the green emission.  
Deposition of photosensitizer 
  For PDT applications using UCNPs, spectral overlap between the emission of UCNPs 
500 550 600 650 700
0.0
0.2
0.4
0.6
0.8
1.0
 
 
N
o
rm
a
liz
e
d
 u
p
c
o
n
v
e
rs
io
n
 (
a
.u
)
Wavelength (nm)
3500 3000 2500 2000 1500
96
97
98
99
-C-H
 Bend
-N-H Bending
 
 
%
 T
ra
n
s
m
it
ta
n
c
e
Wavenumber (cm
-1
)
 PEI coated NaYF4(Er, Yb)
-C-H stretching
 
 
 
45 
 
and the absorption of photosensitizing molecules is crucial. In this study, Ce6 absorption has 
perfect overlap with the red emission of NaYF4(Yb,Er)@PEI UCNPs, as shown in Figure 3.2. 
 
                                                                                                   
 
Figure 3.2 (Left) Spectral overlap between NaYF4(Yb,Er)@PEI UCNPs emission and Ce6’s 
absorption. (Right) Photograph of stable NaYF4 (Yb, Er)@PEI-Ce6 dispersion in water. 
 
  The photosensitizing molecules were deposited on the NaYF4(Yb,Er)@PEI UCNPs 
surface through electrostatic interaction between the amine functionalized surface and the acid 
functionality of Ce6. Thereafter, the nanoparticles were washed three times until there was no 
Ce6 in the supernatant. The resulting nanoparticles have strong green color because of the Ce6 on 
the surface (Figure 3.2). The strong bonding between Ce6 and UCNPs is evident from the 
absorption spectra shown in Figure 3.2. 
Due to close proximity of the Ce6 molecules to the NaYF4(Yb,Er)@PEI UCNPs and 
because of spectral overlap between absorption of Ce6 and emission of UCNPs, 660 nm 
emission from UCNPs is transferred to Ce6 to great extent, which is evident in Figure 3.3, where, 
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as the amount of the Ce6 deposited on the UCNPs increases, the intensity of 660 nm peak from 
the UCNPs decreases 
 
 
                                                                          
Figure 3.3 (Left) UV-Vis spectra of the supernatant after multiple washes. (Right) Emission 
spectra with different amounts of Ce6 on the NaYF4(Yb,Er)@PEI UCNPs surface. 
 
Singlet oxygen measurements 
  Detection of singlet oxygen is assisted by a fluorescent probe molecule, 9-ACA. Singlet 
oxygen can convert the fluorescent 9-ACA molecule into its peroxide derivative, which is non-
fluorescent. Decrease in the 9-ACA fluorescence intensity would indicate the presence of singlet 
oxygen.  
  Singlet oxygen generation from photosensitizers has been widely reported for 
photodynamic therapy of cancer and photoinactivation of bacteria. For these applications, NIR 
light is considered to be the preferred source of excitation, as it has deeper penetration into 
tissues than UV or visible light. In this study, Ce6 on the surface of the NaYF4(Yb,Er)@PEI 
UCNPs can be excited either by the 980 nm laser (facilitated by energy transfer) or by visible 
light (~660 nm) directly. We carried out experiments to assess how the presence of a beef tissue 
would affect the two types of excitation. The rate of decrease in the fluorescence intensity of 9-
ACA after the mixture containing the NaYF4(Yb,Er)@PEI-Ce6 and 9-ACA is illuminated by 
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either light source for a certain period of time is a measure of singlet oxygen generation under the 
respective conditions.
[22]
  
 
 
 
 
 
 
 
                                                                                      
 
Figure 3.4 Time-based measurements of fluorescence of 9-ACA and UCNPs mixture with and 
without beef tissue in light path under illuminations of (A) visible light (660 nm) and (B) NIR 
light (980 nm). Controls are described in text. (C) Singlet oxygen generation dependence on the 
UCNP concentration. (D) Photograph of the beef tissue, sandwiched between two glass slides, 
used in the experiment. 
  The intensity of 9-ACA fluorescence after the illumination by either visible or NIR light 
is shown in Figures 3.4A and 3.4B. Under visible light (660 nm output from the Xenon lamp) 
illumination, the presence of a beef tissue in the light path would greatly reduce the rate of 9-
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ACA fluorescence decrease by ~13-fold (from -0.26 to -0.02). This is likely due to absorption 
and scattering of the visible light by the tissue. In contrast, under the NIR light (980 nm laser) 
illumination, the beef tissue in the light path would only moderately reduce the rate of 9-ACA 
fluorescence decrease (from -0.08 to -0.06). It can thus be concluded that singlet oxygen 
generation under NIR illumination is less affected by the presence of beef tissue. 
  Note that various control experiments were performed and results are also shown in 
Figure 3.4. Control 1 illustrates the stability of fluorescence intensity of 9-ACA under 363 nm 
excitation over the same period of time. Effect of visible light (660 nm) and NIR (980 nm) 
illuminations over the same time span, without nanoparticles, on fluorescence of 9-ACA is 
shown as Control 2 in Figures 3.4A and 3.4B, respectively, clearly indicating that fluorescence of 
9-ACA is little affected by the light illuminations alone. Furthermore, no change in 9-ACA 
fluorescence is observed under the same conditions when only NaYF4(Yb,Er)@PEI UCNPs 
without Ce6 were used (Control 3 in Figures 3.4A and 3.4B). Also shown as Figure 3.4C is the 
singlet oxygen generation dependence on the concentration of the NaYF4(Yb,Er)@PEI-Ce6 
nanoparticles, demonstrating that as the amount of nanoparticles increases the rate of singlet 
oxygen generated increases. These control experiments confirm that the hybrid photosensitizer 
NaYF4(Yb,Er)@PEI-Ce6 can generate singlet oxygen under the excitations of both visible light 
and NIR light, and more importantly, the NIR excitation is more tolerant to the presence of 
biological tissue.  
Conclusion 
  In summary, we report the synthesis of a hybrid photosensitizer, NaYF4(Yb,Er)@PEI-
Ce6, based on upconversion nanoparticles. The NaYF4(Yb,Er)@PEI-Ce6 nanoparticles can 
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generate singlet oxygen under both visible excitation at ~660 nm (directly to Ce6) and NIR 
excitation at ~980 nm (indirectly through energy transfer from UCNPs to Ce6). It is observed 
that the presence of a beef tissue in the light path would significantly reduce singlet oxygen 
generation of the hybrid photosensitizer under the visible excitation, while only moderately affect 
it under NIR excitation. 
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Chapter 4: Functionalization of Conjugated Polymer Nanodots. 
(This study is published in J Mater Sci., 2015, 50, 3597) 
 
Introduction 
  Fluorescence based sensing provides detection with excellent selectivity and sensitivity 
for spectrum of analytes. Merits of the fluorescence based detection scheme are mainly 
determined on the quality of the fluorescence probe used.  Fluorescence based imaging offers 
successful platform to understand not only structural components of the cell but also complex 
cellular processes. But bright and stable fluorescence probes are required to take full advantage 
of fluorescence based sensing and imaging. 
[1-3]
 Development of the fluorescent probes for 
different application dates back to decades and hence over the years, plethora of the fluorescence 
probes have been known and used successfully such as fluorescent dyes, quantum dots, carbon 
nanodots. However, phenomenon of photo-bleaching is found be to be prevalent in organic dyes 
and presence of heavy metals cadmium which is popularly toxic in the quantum dots hinders 
their use for the biological applications. 
[1, 2, 4-7]
 So the need of investigation for the better 
alternatives still exists. 
 Conjugated polymers have shown great potential of being alternative to the existing 
fluorescent probes because of their excellent fluorescence properties. Plenty of the members of 
conjugated polymers family present an opportunity to serve as fluorescence probe because of 
superior properties such as remarkable quantum yield. Reports of conjugated polymer being used 
in fluorescence based sensing are many. 
[3]
 Despite of these properties, hydrophobic nature of 
conjugated polymers is a hindrance to many other applications. As conjugated polymers tend to 
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aggregate in water due to their insolubility, they are usually not used in aqueous media based 
fluorescence detection schemes and imaging applications. 
[6, 7]
 
 Efforts to render conjugated polymers into aqueous medium by converting them into 
conjugated polymer nanoparticle form are reported in the literature. 
[1,2]
 For example, McNeill 
etal successfully attempted to convert conjugated polymers into conjugated polymer 
nanoparticles and called them ‘polymer nanodots’. [8-12] Polymer nanodots were prepared by re-
precipitation method and their optical properties were explored. Since then, polymer nanodots 
are matter of immense interest and used in versatile application such as drug delivery and 
multiphoton imaging. 
[10,13,14]
 Many other intriguing applications include anti-bacterial agents 
and light-activated anti-cancer, 
[15]
 oxygen sensors for biological imaging 
[16]
, fluorescence based 
detection of toxic mercuric ions, 
[17]
 and reversible photoswitching polymer dots 
[18]
. But one of 
the problems with these polymer nanodots is lack of functional groups on the surface provides 
little opportunity of targeted applications and photostability of the nanodots can be problematic 
sometimes. 
 One of the ways to functionalize these nanodots is to trap them into some biocompatible 
carrier which can be functionalized easily, which will allow the use of nanodots to its fullest 
potential. Silica is one of the biocompatible matrix, functionalization of which is easy. Attempts 
of entrapping nanodots in the silica matrix with various limitations are present in the literature. 
[6, 
7]
 Here we report, preparation of polymer nanodots by re-precipitation method. Polymer nanodots 
are encapsulated within the silica nanoparticles by template assisted synthesis method. 
Subsequent functionalization of the silica matrix with amine group is also reported. Optical 
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properties of the polymer nanodots and nanodots embedded silica nanoparticles are also 
investigated. 
 
                        
 
Scheme 4.1- Schematic for preparation, encapsulation of polymer nanodots within silica 
nanoparticles followed by amine functionalization. 
Experimental  
Materials  
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV, MW 40,000-
70,000), tetrahydrofuran (THF, purity grade > 98.75%), tetraethylorthosilicate (TEOS, purity 
grade > 99%) and 3-(aminopropyl)triethoxysilane (APTES, purity grade > 98%) were obtained 
from Sigma-Aldrich. Hexadecyltrimethyl ammonium bromide (CTAB) was purchased from 
Fluka, and ammonium nitrate from Thermo Fisher. 
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Synthesis of conjugated polymer nanodots  
Conjugated polymer, MEH-PPV, was dissolved in THF by overnight stirring.  Rapid 
injection 2 mL of MEH-PPV in THF (15 ppm) solution to 8 mL of deionized water under 
sonication was performed. Further sonication of 15 minutes was carried out and then solution 
was filtered through 0.1-µm filter paper. Resultant polymer nanodots solution was stored as 
solution at room temperature for later use.  
Encapsulation of polymer nanodots in silica nanoparticles  
In a typical procedure, 0.5 M NaOH solution (120 µL, 60 µmole) was introduced to the 
above solution of polymer nanodots. 0.04 g (0.11 mmole) of CTAB was then completely 
dissolved into the above solution. The resulting solution was heated to 80
o
C for 10 min and then 
80 µL (0.41 µmole) of TEOS was added drop wise. The solution temperature was maintained at 
80
o
C with constant stirring. Centrifugation was used to obtain nanoparticles before they are 
washed 3 times with ethanol. Washed nanoparticles were then introduced into ammonium nitrate 
in ethanol solution (6 g/L, 75 mM) which was maintained at 60
o
C for 45 minutes with constant 
stirring. Nanoparticles were then precipitated using centrifugation and washed 3 times by water 
to wash away excess free polymer nanodots. Finally, the nanoparticles were dispersed in 
deionized water. Effect of different reaction parameters on the fluorescence and particle size of 
the final nanoparticles was studied by changing the quantity of different reagents, i.e. CTAB, 
NaOH and TEOS, one at a time while keeping other parameters constant.  
Modification of the nanodot-embedded silica nanoparticles  
           All washed nanodot-embedded silica nanoparticles were dispersed in 10 mL ethanol. 
APTES was then added in the solution. The volume of APTES added is dependent upon the 
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volume of TEOS added in the encapsulation step. Ratio of APTES/TEOS was fixed at 1/10. 
Reaction mixture was allowed to react overnight with constant stirring. The nanoparticles were 
then washed with ethanol twice using centrifugation.   
Spectral characterizations 
            Conjugated polymer nanodots solution and nanodot-embedded silica nanoparticles were 
characterized by UV-Vis spectroscopy and fluorescence spectroscopy. UV-Vis absorption spectra 
were collected by an Ocean Optics USB 4000 Spectrophotometer using a 1-cm path-length 
quartz cell at room temperature. Fluorescence spectra were collected by a Cary Eclipse 
fluorescence spectrofluorometer using a quartz cell at room temperature, excited at 490 nm. 
Fluorescence lifetime measurements for the conjugated polymer, polymer nanodots and nanodot-
embedded silica nanoparticles were taken with a PTI spectrofluorometer.  
Transmission electron microscopy (TEM)   
          TEM was used to determine the size and morphology of the nanodot-embedded silica 
nanoparticles. A drop of the nanoparticle dispersion was deposited on a Formvar-covered carbon-
coated copper grid (Electron Microscopy Sciences), and allowed to dry at room temperature. 
TEM images were taken on a Phillips Biotwin 12 transmission electron microscope.  
Zeta-potential measurement 
          Zeta potential of the nanodot-embedded silica nanoparticles in DI water, before and after 
functionalization, was measured using a Nanotrac particle size analyzer (Microtrac).  
FT-IR measurements 
         FT-IR measurements were performed on an ATR cell (Nicolet 6700- ThermoFisher). 
Nanoparticles were dried using oven and used for the measurements. 
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Quantum yield determination 
          Quantum yield was calculated with Rhodamine 6G in ethanol as a standard. Graphs of 
integrated fluorescence intensity vs. absorbance at appropriate concentrations for both the 
standard and the samples (conjugated polymer nanodots and nanodot-embedded silica 
nanoparticles in water) were plotted, and quantum yield was calculation was done using the 
following formula, 
                                
where the subscripts ST and X denote the standard and sample respectively, Φ is the 
fluorescence quantum yield, Grad is the gradient from the graph of integrated fluorescence 
intensity vs. absorbance, and η the refractive index of the solvent. Polymer nanodots embedded 
silica nanoparticles were dispersed in water. Fluorescence spectra were collected under 490 nm 
excitation. Fluorescence intensity was integrated from 550 to 700 nm to obtain the Grad value. 
Results and Discussion 
Synthesis of polymer nanodots by re-precipitation method: 
Polymer nanodots in aqueous solution are synthesized by the re-precipitation method, 
slightly modified from the literature 
[7, 10]
. Rapid injection of THF solution containing the 
conjugated polymer into water decreases the hydrophobicity in the surrounding of the polymer, 
causing collapse of the polymer chain and hence polymer nanodots formation. The structure of 
MEH-PPV and an image of the polymer nanodots aqueous dispersion are shown in Figure 4.1. 
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Figure 4.1- Left:  Photograph of MEH-PPV polymer nanodots dispersed in water. Right: 
Molecular structure of MEH-PPV. 
 
The size of the polymer nanodots suspended in water synthesized by the re-precipitation 
method can be adjusted by changing the concentration of the conjugated polymer in organic 
solvent. Polymer nanodots formation process competes with the process of aggregation of the 
polymer chains. According to the literature 
[1]
 and based on our experimental findings, higher 
concentration of the precursor polymer in THF leads to polymer aggregation, resulting in lower 
yield of nanodots formation. When the polymer concentration in THF is < 20 ppm, nanodot 
formation is preferred. Shape of the polymer nanodots is approximately spherical with size 
distribution ranging from 5 to 50 nm.
 [7, 10] 
Properties of the polymers such as molecular weight, 
polydispersity and inter-chain interaction between the polymer chains, affects the size of the 
polymer nanodots formed from that polymer. Control over the size distribution can be achieved 
by controlling the polydispersity in the polymer.
 [7]
 Polymer nanodots prepared by  reprecipitation 
method are thoroughly characterized in the literature
. [1, 7, 10]
 
Characterization of polymer nanodots: 
The absorption and fluorescence properties of the polymer nanodots differ from those of 
the polymer which is in straight chain form in organic solvent due to the coiling of the polymer 
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chain. Absorption and fluorescence spectra of polymer in THF solution and polymer nanodots 
suspended in water are shown in Figure 4.2. Upon conversion of the conjugated polymer into 
nano form, absorption and fluorescence properties of the polymer change considerably. 
Broadening of the absorption bans is due to the torsion and kinking of polymer and also because 
of the different nanodots with varying conjugation lengths in the backbone. In the case of 
fluorescence, notable red-shift of the emission band is attributed to the increased intra-chain and 
inter-chain interactions in the nanoparticle form. 
[1] 
 
 
 
 
 
 
Figure 4.2- Left: Normalized absorption spectra of (A) MEH-PPV polymer in THF, (B) 
MEH-PPV polymer nanodots dispersed in water. Right: Normalized fluorescence spectra of (A) 
MEH-PPV polymer in THF, (B) MEH-PPV polymer nanodots dispersed in water, and (C) MEH-
PPV polymer nanodots encapsulated in silica nanoparticles. 
 
The absence of functional groups on polymer nanodots’ surface is hindering their use in 
many applications. One of the approaches to address this problem is to encapsulate them in 
matrix which is biocompatible and easily modifiable. Silica is a well-known non-interfering 
matrix reported in the literature for variety of applications
. [17]
 In this work, silica was chosen 
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because of its biocompatibility, ease of synthesis, visible light transparency, and the ease of 
functionalization. All these features of silica, combined with the excellent fluorescence 
properties of polymer nanodots, provide a better platform for sensing and imaging applications 
than the polymer nanodots themselves.
 [18, 19]
 
Silica encapsulation of polymer nanodots: 
Template assisted synthesis of mesoporous silica nanoparticles is well known as 
mesoporous silica nanoparticles find spectrum of application.  The principle of this method is 
that, surfactant micelles act as templates and guide the synthesis of silica around them. As the 
concentration of the surfactant changes, shape of the micelles changes and hence different shape 
of silica assemblies can be obtained just by changing the concentration of surfactant. The 
protocol for silica synthesis used here was similar to that in the literature, where evidence of 
mesoporous nature of the silica was strongly presented. 
[19]
 Silica nanoparticles are synthesized 
by hydrolysis and poly-condensation of the tetraethyl orthosilicate, used as the silica precursor. 
NaOH acts as the base catalyst which is needed for silica nucleation and particles formation. 
CTAB plays the crucial role in the nanostructured silica synthesis, and in trapping polymer 
nanodots inside the silica nanoparticles. CTAB forms micelles in water, which act as templates to 
guide the process of silica nanoparticles formation. The CTAB template interacts with polymer 
nanodots present in the solution. After injecting the TEOS, electrostatic interaction between 
silicate oligomers hydrolyzed from TEOS and CTAB template containing nanodots, triggers 
silica nanoparticles formation capturing both CTAB and nanodots. The CTAB molecules are 
then extracted by ammonium nitrate leading to the formation of porous silica nanoparticles. After 
CTAB extraction, silica nanoparticles with uniform size and porosity are formed. 
[18, 19]
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According to the literature it is expected that our silica nanoparticles are mesoporous in nature. 
[19]
 Because of the larger size of the polymer nanodots than pores, they get trapped inside the 
silica nanoparticles. The final nanodot-embedded silica nanoparticles are as dispersible as pure 
silica nanoparticles in water. They are fluorescent because of the presence of the polymer 
nanodots in them, with emission spectrum matching to that of the only nanodots (Figure 4.2).  
It is well known that a number of factors in the synthesis, the properties of the resulting 
silica nanoparticles are dependent on relative amounts of CTAB, TEOS and NaOH. 
[5]
 In this 
study we investigate effects of these factors on the properties of the nanodot-embedded silica 
nanoparticles, by changing one reagent at a time while keeping others constant. Effect of the 
amount of added CTAB, ranging from 0.02 g (0.25 mmole) to 0.06 g (0.75 mmole) was first 
studied. For these samples, 120 µL (60 µmole) of NaOH and 80 µL (0.36 µmole) of TEOS were 
used. It was observed that variation in CTAB amount has little effect on the particle size as 
shown in Figure 4.3. 
 
                          
 
 
 
 
A B 
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Figure 4.3- TEM image of nanodot-embedded silica nanoparticles formed when (A) 0.02 g (0.25 
mmole), and (B) 0.04 g (0.5 mmole) of CTAB was used. All scale bars are 50 nm. (C) 
Fluorescence spectra of nanodot-embedded silica nanoparticles prepared with different amounts 
of CTAB. 
 
In contrast, the fluorescence intensity of the resulting nanodot-embedded silica 
nanoparticles increased initially with increasing amount of CTAB, up to 0.04 g (0.5 mmole), then 
decreased upon addition of more CTAB. This can be understood in a way that, the more CTAB 
added, the more number of templates would be formed leading to more capturing of polymer 
nanodots inside the silica nanoparticles. Yet, when too much CTAB was used, too many polymer 
nanodots were trapped in a nanoparticle, resulting in the self-quenching of the nanodots 
fluorescence. Thus the fluorescence intensity of the nanodot-embedded silica nanoparticles is 
indeed dependent on intake of the polymer nanodots, which can be tuned by varying the amount 
of CTAB added. Accordingly, 0.04 g (0.5 mmole) of CTAB was chosen as the optimal amount 
for the maximum fluorescence intensity of the nanodot-embedded silica nanoparticles.  
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The effect of the amount of NaOH added, varying from 120 µL (60 µmole) to 360 µL 
(180 µmole), the nanodot-embedded silica nanoparticles’ properties was also studied. For these 
samples, 0.04 g (0.5 mmole) of CTAB and 80 µL (0.36 µmole) of TEOS were used. TEM 
images for the resulting silica nanoparticles are shown in Figure 4.4. Increase in particle size was 
observed with increase in amount of NaOH. When 120 µL (60 µmole) of NaOH was added, the 
size of the nanoparticles was 35-45 nm, while with 240 µL (120 µmole) of NaOH added, the 
nanoparticles size increased to 45-55 nm. Further increase in amount of NaOH to 360 µL (60 
µmole) led to the formation of larger and irregular-shaped nanoparticles. This implies that 
volume of added NaOH can be used to tune the silica nanoparticles size to some extent. 
 
Figure 4.4-(A) TEM images of nanodot-embedded silica nanoparticles formed when a) 120 µL 
(60 µmole), (B) 240 µL (120 µmole), (C) 360 µL (180 µmole) of 0.5 M NaOH was added. All 
scale bars are 50 nm. 
 
The effect of the variation in amount of TEOS added, ranging from 60 µL (0.27 µmole) 
to 120 µL (0.54 µmole) with increment of 20 µL, on the properties of the nanodot-embedded 
silica nanoparticles were investigated. For these samples, 0.04 g (0.5 mmole) of CTAB and 120 
µL (60 µmole) of NaOH were used. TEM images in Figure 4.5 show that the amount of TEOS 
B A C 
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does not affect the particle size significantly (45-55 nm). With increased amount of TEOS, more 
nanodot-embedded silica nanoparticles were formed, resulting in higher fluorescence intensity of 
the polymer nanodot embedded silica nanoparticles. Thus, changing the amount of TEOS can 
affect the number of nanodot-embedded silica nanoparticles with no effect on the nanoparticle 
size. 
 
 
             
                                                                
 
 
 
 
 
 
 
Figure 4.5- (A) Fluorescence spectra of nanodot-embedded silica nanoparticles synthesized with 
different amounts of TEOS. TEM images of nanodots-embedded silica nanoparticles formed 
when (B) 60 µL (0.27 µmole), (C) 80 µL (0.36 µmole), (D) 100 µL (0.45 µmole), of TEOS was 
added. All scale bars are 50 nm. 
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Functionalization of polymer nanodot embedded silica nanoparticles 
Functionalization of the nanodot-embedded silica nanoparticles was performed by coating 
the surface with a layer of amine-modified silane, APTES. Hydroxyl groups on the surface of 
silica nanoparticles reacts with APTES which leads to siloxane formation, leaving –NH2 groups 
on the surface for further conjugation as per the need of the application. It is believed that the 
negative zeta potential of the silica nanoparticles is due to the surface hydroxyl groups and that of 
amine-modified silica nanoparticles becomes positive due to the replacement of surface 
hydroxyls by amine groups. The zeta potential of the nanodots-embedded silica nanoparticles 
was measured to be about -41 mV and around 18 mV after the APTES functionalization, proving 
the presence of the amine groups. Amine functionalization was further evidenced by FT-IR 
spectroscopy. Figure 4.6 shows the FT-IR spectra of the silica nanoparticles which were collected 
before and after amine functionalization. The hydroxyl group broad stretching band from 3000-
3700 cm
-1
 before functionalization (black curve) diminished after -NH2 functionalization (red 
curve), implying the reaction between hydroxyl groups on the silica surface with APTES. The 
primary stretching bands of amine at ~3400 cm
-1
 appeared after the functionalization. Amine 
group bending bands can also be observed at ~1620 cm
-1
. There are other functional group 
containing silanes that can functionalize the nanoparticles surface in a same manner as APTES. It 
is thus envisioned that grafting of the different functional group on the surface of nanodot-
embedded silica nanoparticles for variety of applications is possible. 
[17]
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Figure 4.6- FTIR spectra of silica nanoparticles before (black) and after (red) amine 
functionalization. Left: whole spectral region. Right: zoom-in of 1200 - 3900 cm
-1
 section. 
 
Lifetime study 
Lifetimes of the conjugated polymer in different forms, free polymer in THF, polymer 
nanodot in water and inside silica were measured. Results shown in Figure 4.7 demonstrate that, 
the lifetime of polymer nanodots increased considerably after entrapped in the silica.  
 
 
 
 
 
 
Figure 4.7- Fluorescence lifetime measurement plots of polymer in THF (black), polymer 
nanodots in water (red), and polymer nanodot-embedded silica nanoparticles (blue). 
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Quantum yield calculations 
Quantum yield of the nanodot-embedded silica nanoparticles was calculated using 
Rhodamine 6G (QY=0.95) as the reference, and found to be ~ 0.015 which is comparable to the 
quantum yield of polymer nanodots suspended in water reported already reported
. [1]
 We would 
like to point out that, quantum yield of polymer nanodots before and after encapsulation in the 
silica was not significantly different. So it may be concluded that the entrapment of polymer 
nanodots in the silica nanoparticles does not disturb the fluorescent properties of the nanodots. 
Conclusion 
Facile synthesis of conjugated polymer (MEH-PPV) nanodot-embedded silica 
nanoparticles is successfully demonstrated and characterized by several techniques. The silica 
matrix does not appear to affect the fluorescence property of the conjugated polymer nanodots. 
The silica surface can be readily modified with functional groups, allowing further conjugation to 
other molecules. The effects of a number of parameters of the synthesis on the resulting silica 
nanoparticles are investigated systematically. The method can be applied to encapsulate other 
polymer nanodots inside silica nanoparticles. 
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